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We use unpolarized and polarized inelastic neutron scattering to study low-energy spin excitations
in NaFeAs, which exhibits a tetragonal-to-orthorhombic lattice distortion at Ts ≈ 58 K followed by
a collinear antiferromagnetic (AF) order below TN ≈ 45 K. In the AF ordered state (T < TN), spin
waves are entirely c-axis polarized below ∼10 meV, exhibiting a gap of ∼ 4 meV at the AF zone
center and disperse to ∼7 meV near the c-axis AF zone boundary. On warming to the paramagnetic
state with orthorhombic lattice distortion (TN < T < Ts), spin excitations become anisotropic
within the FeAs plane. Upon further warming to the paramagnetic tetragonal state (T > Ts),
spin excitations become more isotropic. Since similar magnetic anisotropy is also observed in the
paramagnetic tetragonal phase of superconducting BaFe1.904Ni0.096As2, our results suggest that
the spin excitation anisotropy in superconducting iron pnictides originates from similar anisotropy
already present in their parent compounds.
PACS numbers: 74.70.Xa, 75.30.Gw, 78.70.Nx
I. INTRODUCTION
The parent compounds of iron pnictide supercon-
ductors are semi-metallic antiferromagnets exhibiting a
tetragonal to orthorhombic lattice distortion at tem-
perature Ts followed by a paramagnetic to antiferro-
magnetic (AF) phase transition at TN
1–8. The mag-
netic structure is collinear with the ordered moment
aligned antiferromagnetically along the a-axis of the or-
thorhombic lattice [Fig. 1(a)]. From transport9, res-
onant ultrasound10, angle-resolved photoemission spec-
troscopy (ARPES)11–13, inelastic neutron scattering14,
magnetic torque15, and scanning tunneling microscopy
(STM)16–18 measurements, it is clear that iron pnictides
have electronic anisotropy above TN implying an un-
derlying electronic nematic phase19. However, the mi-
croscopic origin of the observed electronic anisotropy
is still an issue of debate. In both the strong and
weak coupling limits, the electronic anisotropy could be
caused by a spin nematic phase (spin anisotropy) in
the paramagnetic orthorhombic phase above TN but be-
low Ts
20,21. Alternatively, orbital ordering in the para-
magnetic orthorhombic state may also induce the ob-
served electronic anisotropy22–26. Although transport27
and X-ray diffraction28 experiments in magnetic fields on
electron-doped BaFe2−xCoxAs2 reveal clear evidence for
anisotropic in-plane static spin susceptibility (χa 6= χb)
in the paramagnetic orthorhombic state (TN ≤ T ≤
Ts), it is still unclear if such in-plane susceptibility
anisotropy is field-induced or intrinsic to these materials
at zero field. Furthermore, recent STM17 and transport
measurements29,30 suggest that the resistivity anisotropy
in Co-doped BaFe2As2 arises from Co-impurity scatter-
ing, and is not an intrinsic property of these materials.
In this article, we use unpolarized and polarized neu-
tron scattering to study spin waves and paramagnetic
spin excitations in NaFeAs6. In contrast to BaFe2As2,
where the orthorhombic lattice distortion (Ts) and AF
order (TN ) occur at similar temperatures
3,4, NaFeAs has
clearly separated structural and magnetic phase transi-
tions at Ts ≈ 58 K and TN ≈ 45 K, respectively
6,7.
Below the AF ordering temperature, the iron spins in
NaFeAs order antiferromagnetically along the a-axis of
the orthorhombic structure and ferromagnetically along
the b-axis6,7. In the low-temperature AF ordered state,
NaFeAs forms randomly distributed orthorhombic twin
domains rotated 90◦ apart similar to BaFe2As2
14. Low
energy spin excitations in iron pnictides are centered
around the AF ordering wave vectors QAF = (±1, 0)
and (0,±1) corresponding to the two sets of domains,
thus allowing spin excitations polarized along different
crystallographic axes to be determined in a twinned
sample31–35. In the AF ordered state (T < TN ) of
NaFeAs, our unpolarized neutron scattering measure-
ments find that spin waves are gapped below ∼ 4 meV
at the AF zone center and disperse to ∼7 meV near
the c-axis AF zone boundary. Similar to BaFe2As2
32,
neutron polarization analysis indicates that spin waves
in NaFeAs are entirely c-axis polarized for energies be-
low ∼10 meV. On warming the system to the paramag-
netic orthorhombic state above TN , the c-axis polarized
spin waves become anisotropic paramagnetic scattering.
By carefully measuring wave vector dependence of the
paramagnetic scattering, we show that the magnetic re-
sponse M (M is related to the imaginary part of the dy-
namic susceptibility, χ′′(Q, E), via the Bose factor M =
2H
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FIG. 1: (Color online) (a) The orthorhombic chemical unit
cell of NaFeAs (enclosed by grey lines, two orthorhombic
chemical unit cells are stacked along the c-axis), the black ar-
rows indicate directions of the ordered moments and orange
spheres represent Fe atoms, Na and As atoms are not shown.
(b) Points in reciprocal space probed in this work. The points
represent magnetic zones centers (L = 0.5, 1.5) while the
crosses represent magnetic zone boundaries (L = 0, 1) along
the (1, 0, L) direction. The dashed green lines enclose the
magnetic Brillouin zone. The relationship between the neu-
tron polarization directions (x, y, z) and the scattering plane
are shown in (c) for Q = (1, 0, 0.5) and in (e) for (1, 0, 1.5).
The angle between x-direction and theH-axis is denoted as θ1
for (1, 0, 0.5) and θ2 for (1, 0, 1.5). The magnetic components
measured in each channel and their relationships to the mag-
netic components projected onto the crystal axes are shown in
(d) for Q = (1, 0, 0.5) and in (f) for (1, 0, 1.5). Only SF chan-
nels are measured in this work. σSFx contains bothMy andMz
magnetic components, whereas only My and Mz contribute
to σSFz and σ
SF
y , respectively. The relationships between the
magnetic components along the neutron polarization direc-
tions (Mx, My and Mz) and crystal axes (Ma, Mb, and Mc)
are shown in the boxes in (d) and (f) for L = 0.5 and L = 1.5
respectively.
χ′′(Q, E)/[1 − exp(−E/kBT )].) at the AF wave vector
and E = 6 meV has in-plane anisotropy withMa ≥Mb in
the paramagnetic orthorhombic state (TN ≤ T ≤ Ts) of
NaFeAs. Such anisotropy becomes much weaker above
Ts and spin excitations become nearly isotropic. Since
the in-plane anisotropic paramagnetic spin excitations
in NaFeAs are similar to those observed in the tetrago-
nal phase of superconducting BaFe1.906Ni0.096As2
35, the
spin excitation anisotropy in superconducting iron pnic-
tides originates from similar anisotropy already present
in the parent compound. While these results suggest the
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FIG. 2: (Color online) (a) Constant-Q scans at (1, 0,L) at
4 K for L = 0, 0.2, 0.3 and 0.5 with unpolarized neutrons
after background has been subtracted. Solid lines are fits
to the response of a damped harmonic oscillator convolved
with instrumental resolution with low-energy spin waves mod-
eled as E(Q) =
√
∆(1, 0,L)2 + v2ah2 + v
2
bk
2, where (h, k) =
(H,K) − (1, 0)38. Data points with E < 11meV are used in
the fits. (b) Dispersion of the low energy spin waves along
the (1, 0,L) direction, points are fitted gap values ∆(1, 0,L),
the purple solid line is the dispersion from linear spin wave
theory using effective exchange couplings from Ref.39.
presence of a spin nematic state in the paramagnetic or-
thorhombic phase of NaFeAs, they may also be consistent
with anisotropic critical fluctuations due to a single-ion
anisotropy in the orthorhombic phase36.
II. EXPERIMENTAL RESULTS
Figure 1(a) shows the collinear AF structure of NaFeAs
with orthorhombic lattice parameters a = 5.589, b =
5.569 and c = 6.991 A˚6. We define momentum trans-
fer Q in three-dimensional reciprocal space in A˚−1 as
Q = Ha∗ +Kb∗ + Lc∗, where H , K, and L are Miller
indices and a∗ = aˆ2pi/a, b∗ = bˆ2pi/b, c∗ = cˆ2pi/c. About
5 grams of single crystals of NaFeAs were coaligned in the
[H, 0, L] scattering plane [Fig. 1(b)]. In this notation, the
AF Bragg peaks and zone centers occur at [1, 0, L] with
L = 0.5, 1.5, · · · , while the AF zone boundaries along the
c-axis occur at L = 0, 1, 2, · · · 6. Our polarized neutron
scattering experiments were carried out using the IN22
thermal triple-axis spectrometer at the Institut Laue-
Langevin, Grenoble, France31. Consistent with previous
notation31, we define the neutron polarization directions
along Q as x, perpendicular to Q but in the scattering
3plane as y, and perpendicular to Q and the scattering
plane as z, respectively [Figs. 1(c) and 1(e)]. Since neu-
tron scattering is only sensitive to magnetic scattering
components perpendicular to the momentum transfer Q,
one can probe magnetic responses within the y− z plane
(My and Mz) [Fig. 1(c)].
Within the scattering plane, the measured magnetic
response at Q give My = sin
2 θMa + cos
2 θMc and
Mz = Mb, where the angle between Q and [H, 0, 0]
is θ, and Ma, Mb, and Mc are spin excitation intensi-
ties along the orthorhombic a-, b-, and c-axis directions,
respectively31. This is related to the observed neutron
spin-flip (SF) scattering cross sections for different neu-
tron polarization directions σSFx , σ
SF
y , and σ
SF
z via:


σSFx =
R
R+1
(sin2 θMa + cos
2 θMc) +
R
R+1
Mb +B,
σSFy =
1
R+1
(sin2 θMa + cos
2 θMc) +
R
R+1
Mb +B,
σSFz =
R
R+1
(sin2 θMa + cos
2 θMc) +
1
R+1
Mb +B
(1)
where R is the flipping ratio for non-spin-flip (NSF) and
SF scattering (R = σNSFBragg/σ
SF
Bragg ≈ 15) and B is the
background scattering that may be larger than the mag-
netic scattering. Therefore, to conclusively determine the
magnetic anisotropy along the three crystallographic di-
rectionsMa, Mb, andMc of the orthorhombic lattice, we
need to measure neutron SF scattering at two or more
equivalent AF wave vectors with different angle θ be-
tween the wave vector Q and [H, 0, 0]35. To compare
the estimated Ma, Mb, and Mc at different wave vec-
tors, we need to consider in addition the differences in
the magnetic form factor F (Q) and instrumental reso-
lution r. For example, at the AF zone center [1,0,L]
(L = 0.5, 1.5, · · · ) positions, by combining the cross sec-
tions measured at Q = (1, 0, 0.5) and Q = (1, 0, 1.5) for
a particular energy transfer (σSFx , σ
SF
y and σ
SF
z at both
wave vectors), we have five quantities (Ma, Mb, Mc and
B at the two wave vectors) to be determined from up to
six cross sections [Figs. 1(c)-1(f)]. We either measured
all six cross sections and used the over-determination to
improve estimates of Ma, Mb and Mc [Fig. 3(a)-3(d)] or
measured five cross sections which uniquely determines
the magnetic response [Fig. 4(c)-4(d)]. A similar proce-
dure is used to analyze data for the zone boundary along
the c-axis (L = 0, 1).
In previous unpolarized neutron scattering measure-
ments of spin waves in Na0.9FeAs, the onset of spin gap at
the AF zone center Q = (1, 0, 1.5) is observed at approxi-
mately∼10 meV37. Figure 2 summarizes our unpolarized
neutron measurements on NaFeAs using HB-3 triple-axis
spectrometer at the High-Flux-Isotope Reactor (HFIR),
Oak Ridge National Laboratory. The monochromator,
analyzer, and filters are all pyrolytic graphite. The col-
limations are 48′-40′-sample-40′-120′ with final neutron
energy fixed at Ef = 14.68 meV. Our energy scan at
the AF zone center wave vectors Q = (1, 0, 0.0.5) reveals
a clear spin gap of ∼4 meV [Fig. 2(a)], much smaller
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FIG. 3: Color online) Constant-Q scans in the AF ordered
state (T = 2 K) at Q = (1, 0, L) with L = 0, 0.5, 1 and 1.5
are shown in (b), (a), (d), and (c), respectively. All three
spin-flip channels are measured, denoted as σSFx , σ
SF
y and σ
SF
z
for the three different neutron polarization directions. From
the measured cross sections at (1, 0, 0.5) and (1, 0, 1.5), the
magnetic components at the magnetic zone center along the
crystallographic axes Ma, Mb, and Mc are determined and
plotted in (e). Similarly, (f) shows the magnetic components
along different crystallographic axes for magnetic zone bound-
aries at Q = (1, 0, 0) and (1, 0, 1). The solid lines in (e) and
(f) are guides to the eye.
than that of Na0.9FeAs
37. Upon moving the wave vectors
to Q = (1, 0, 0.3), (1, 0, 0.2), and (1, 0, 0), the spin gap
changes to ∼7 meV at the c-axis AF zone boundary posi-
tion with L = 0 [Fig. 2(a)]. To understand these data, we
fit the spin wave spectra with a damped harmonic oscil-
lator, χ′′(Q, E) = AE0(Q)ΓE/[(ΓE)
2+(E20 (Q)−E
2)2],
convolved with instrumental resolution similar to pre-
vious work38. The spin wave dispersion is E(Q) =√
∆(1, 0,L)2 + v2ah
2 + v2bk
2, where ∆(1, 0,L) is the spin
gap value, va and vb are spin wave velocities along the a-
and b-axes, respectively. The solid lines in Fig. 2(a) show
the fits using spin wave velocities of NaFeAs obtained
from high-energy time-of-flight measurements39. Figure
2(b) shows the c-axis dispersion of the spin waves. Given
the almost identical TN and Ts between our NaFeAs
samples7 and Na0.9FeAs
37, it is unclear why their spin
gap values are so different.
Figure 3 shows the energy scans at the AF zone
center Q = (1, 0, 0.5), (1, 0, 1.5) and zone boundary
(1, 0, 0), (1, 0, 1) with different neutron polarizations in
the low-temperature AF ordered state. At the AF wave
vectors Q = (1, 0, 0.5) [Fig. 3(a)], we find a clear spin
gap of ∼4 meV consistent with unpolarized data of Fig.
2. Furthermore, σSFx are similar to σ
SF
z for E ≤ 11 meV
while σSFx > σ
SF
y > σ
SF
z for E > 11 meV. Similar results
are obtained at Q = (1, 0, 1.5) [Fig. 3(c)]. In order to
4(a)
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FIG. 4: (Color online) Constant-Q scans at T = 60 K for
(1, 0, 0.5) and (1, 0, 1.5) are shown in (a) and (b), respectively.
Temperature dependence of the three spin-flip cross sections
for the AF zone centers (1, 0, 0.5) and (1, 0, 1.5) are shown in
(c) and (d). (e) The difference of the magnetic components
My and Mz for L = 0.5 determined from σ
SF
z and σ
SF
y in
(c). The temperature dependence of Ma, Mb and Mc at the
magnetic zone center are determined and plotted in (f). In
cases where only cross sections for L = 0.5 are measured, only
Mb can be determined, when σ
SF
x and σ
SF
y for L = 1.5 are in
addition measured, all three components along crystal axes
can be determined, when all three channels are measured for
both L = 0.5 and L = 1.5, the over-determination is used to
improve estimates of Ma, Mb and Mc. The point at T ≈ 60
K is obtained by combining raw data from temperatures in
the range indicated by horizontal bars and the constant-Q
scans in (a) and (b) from E = 4-8 meV, the combined σSFx ,
σSFy and σ
SF
z for L = 0.5 and L = 1.5 are shown in the inset.
The solid vertical grey line through (c), (d), (e) and (f) marks
the magnetic transition temperature TN whereas the dashed
grey line marks the structural transition temperature Ts. The
solid lines in (e) and (f) are guides to the eye.
obtain Ma, Mb, and Mc, we assume Fe
2+ magnetic form
factor and correct for the instrumental resolution factor
r at these two wave vectors. The obtained Ma, Mb and
Mc are shown in Fig. 3(c). We see that spin waves in
NaFeAs are transverse to the ordered moment direction
and almost entirely c-axis polarized with Ma ≈ Mb ≈ 0
for E ≤ 10 meV [Fig. 1(e)]. This is similar to the low
temperature spin waves in BaFe2As2
32. For spin wave
energies above 10 meV, we see a dramatic reduction in
Mc and a corresponding increase in Mb. Most surpris-
ingly, there appears to be a small, but nonzeroMa around
12 meV, suggesting the possible presence of longitudinal
spin excitations. This is disallowed for spin waves in a
classical local moment Heisenberg Hamiltonian, but may
be present in NaFeAs due to itinerant electrons8. Figures
3(b), 3(d) show similar results at the AF zone boundary
Q = (1, 0, 0) and (1, 0, 1). The energy dependence ofMa,
Mb, and Mc are shown in Fig. 3(f). Again, spin waves
are entirely polarized along the c-axis for energies be-
low 10 meV and have no longitudinal component for the
probed energy range. We note that recent polarized neu-
tron scattering experiments on BaFe2As2 have conclu-
sively established the presence of longitudinal spin-wave
excitations in the AF ordered phase40.
Figures 4(a) and 4(b) plot the energy scans in the para-
magnetic tetragonal state (T = 60 K) at the AF wave
vectors Q = (1, 0, 0.5) and (1, 0, 1.5), respectively. From
Eq. (1), we note that isotropic paramagnetic scattering
should imply σSFx /2 ≈ σ
SF
y ≈ σ
SF
z in the limit of large
R and negligible background scattering (B → 0). This
is clearly not the case in Figs. 4(a) and 4(b), thus sug-
gesting the presence of finite background scattering. In
this case, one can estimate the magnetic anisotropy using
σSFz −σ
SF
y = (sin
2 θMa+cos
2 θMc−Mb)(R−1)/(R+1) ∝
My−Mz to eliminate the influence of background. Since
data in Figs. 4(a) and 4(b) suggest σSFx > σ
SF
y ≈ σ
SF
z ,
there should be weak magnetic anisotropy between My
and Mz in the paramagnetic tetragonal state. To probe
the evolution of spin excitations in the paramagnetic or-
thorhombic (TN ≤ T ≤ Ts) and tetragonal (T > Ts)
phases, we study the temperature dependence of spin ex-
citations at E = 6 meV from 2 K to 80 K. Figures 4(c)
and 4(d) show the raw data obtained for different neu-
tron polarizations at the AF wave vectors Q = (1, 0, 0.5)
and (1, 0, 1.5), respectively, across the AF ordered, para-
magnetic orthorhombic and tetragonal phases. In the
low-temperature AF ordered state (T = 2 K), we find
σSFx ≈ σ
SF
z consistent with data in Fig. 3(a). On warm-
ing to the paramagnetic orthorhombic state [TN ≤ T ≤
Ts, temperatures between the solid and dashed vertical
lines in Figs. 4(c)-4(f)], we have σSFx > σ
SF
z > σ
SF
y . This
means anisotropic spin excitations at Q = (1, 0, 0.5) with
My −Mz = 0.14Ma + 0.86Mc −Mb > 0 [Fig. 1(c)]. Fi-
nally, on warming to temperatures above Ts [Figs. 4(c)
and 4(d)], spin excitations satisfy σSFx > σ
SF
z ≈ σ
SF
y
and are consistent with data in Figs. 4(a) and 4(b).
Therefore, spin excitations in the paramagnetic tetrag-
onal state of NaFeAs are more isotropic with My−Mz =
0.14Ma + 0.86Mc −Mb ≈ 0.
Given the experimental evidence for anisotropic spin
excitations in the paramagnetic orthorhombic phase of
NaFeAs, it is important to determine its anisotropy along
the crystallographic axes. In the AF ordered state, the
low-energy spin waves from the two 90◦ rotated twin do-
mains are centered around wave vectors QAF = (±1, 0)
and (0,±1), respectively, in reciprocal space. Therefore,
5low-energy spin waves from the (±1, 0) domain are not
mixed with those from the (0,±1) domain. However, in
the paramagnetic orthorhombic state, spin excitations at
the wave vector (±1, 0) may be mixed with paramagnetic
excitations from the domain associated with (0,±1), thus
complicating the neutron polarization analysis. The key
question is whether there are strong paramagnetic scat-
tering at the wave vector (0,±1) in a completely de-
twinned sample associated with the AF wave vectors
(±1, 0). Although such measurement for NaFeAs is un-
available, we note that neutron scattering experiments
on a nearly 100% mechanically detwinned BaFe2As2 re-
veal that spin excitations in the paramagnetic tetragonal
state are still centered mostly at QAF = (±1, 0) ∼20 K
above the AF and structural transition temperatures41.
Therefore, spin excitations of NaFeAs at the wave vec-
tors QAF = (±1, 0) may also have little contribution
from those associated with the (0,±1) domain in the
paramagnetic orthorhombic state. Assuming this is in-
deed the case, we can carry out neutron polarization
analysis in the paramagnetic orthorhombic phase sim-
ilar to the AF ordered state. Figure 4(e) shows the
temperature dependence of 0.14Ma + 0.86Mc −Mb for
Q = (1, 0, 0.5) and E = 6 meV. The data show a clear
kink at TN and positive scattering below Ts, meaning
Mb < 0.14Ma + 0.86Mc. The temperature dependence
of Ma, Mb, and Mc shown in Fig. 4(f) are determined
from combining the data in Figs. 4(a)-4(d). Inspection
of the Figure reveals clear in-plane magnetic anisotropy
with Ma > Mb in the paramagnetic orthorhombic phase
that becomes much smaller in the paramagnetic tetrag-
onal phase [Fig. 4(f)].
Our results suggest that whereas Mb, Mc evolve
smoothly across TN , Ma peaks around TN indicating di-
vergent longitudinally polarized critical magnetic fluctua-
tions. Both σSFx and unpolarized neutron scattering mea-
sures My +Mz, which is 0.14Ma+0.86Mc+Mb for Q =
(1, 0, 0.5) and 0.59Ma+ 0.41Mc +Mb for Q = (1, 0, 1.5).
If Ma dominates the critical fluctuations near TN , one
would expect a stronger peak due to critical fluctuations
at (1, 0, 1.5) than at (1, 0, 0.5) since magnetic structural
factor is larger at (1, 0, 1.5)6. Comparison of our data
measured at these two wave vectors [Fig. 4(c)-(d)] and
unpolarized neutron scattering results in Ref.37 suggest
this is indeed the case. For a classical Heisenberg mag-
netic system with an Ising anisotropy term, one would
expect diverging longitudinally polarized spin excitations
at TN consistent with our observation
36.
In previous polarized neutron measurements on parent
compound BaFe2As2
32, it was found that the in-plane po-
larized spin waves exhibit a larger gap than the c-axis po-
larized ones. However, the spin anisotropy immediately
disappears in the paramagnetic tetragonal state above
TN and Ts
32. In addition, while σSFx − σ
SF
z ∝ Mb di-
verges at TN , σ
SF
x − σ
SF
y ∝ (sin
2 θMa + cos
2 θMc) peaks
at a temperature slightly below TN
32. This is different
from the results in Fig. 4. Since TN and Ts occur at al-
most the same temperature in BaFe2As2
3,4, it is unclear
whether the system also has magnetic anisotropy in the
paramagnetic orthorhombic phase. The discovery of an
in-plane spin excitation anisotropy in the paramagnetic
orthorhombic phase of NaFeAs suggests the presence of
a strong spin-orbit coupling in such a state31,34,42–44.
However, we cannot distinguish if such anisotropy is a
sole manifestation of spin nematicity or a consequence of
the orbital ordering22–26. In a recent X-ray diffraction
experiment under pulsed magnetic fields, in-plane field-
induced static susceptibility anisotropy with χb > χa in
the AF ordered state is found to extend to the para-
magnetic orthorhombic phase of electron-underdoped
Ba(Fe1−xCox)2As2
28. This is 90◦ rotated from the in-
plane dynamic susceptibility anisotropy (Ma > Mb or
χ′′a > χ
′′
b ) in the paramagnetic orthorhombic state of
NaFeAs. While the static susceptibility anisotropy re-
mains unchanged from the AF ordered phase to the para-
magnetic orthorhombic phase in Ba(Fe1−xCox)2As2
28,
there is a dramatic switch over of the spin excitation
anisotropy across TN in NaFeAs, changing from the en-
tirely c-axis polarized spin waves (Mc ≫ Ma ≈ Mb ≈ 0)
in the AF ordered phase toMa ≥Mc > Mb in the param-
agnetic orthorhombic state. Finally, the spin anisotropy
becomes much smaller in the paramagnetic tetragonal
phase. We note that the static in-plane susceptibility
anisotropy observed in transport27 and X-ray diffraction
experiments28 occurs at the zero wave vector, while the
dynamic susceptibility anisotropy in NaFeAs is at the AF
wave vectors QAF = (±1, 0).
III. DISCUSSION AND CONCLUSIONS
To qualitatively understand these results, we note that
the orthorhombic lattice distortion below Ts lifts the de-
generacy between Fe dxz and dyz orbitals and leads to
a ferro-orbital order with more doubly-occupied Fe dxz
orbitals and more singly-occupied Fe dyz orbitals
22. In
the case of NaFeAs, the Fermi surfaces evolve dramati-
cally from the paramagnetic tetragonal state to the AF
ordered state and the splitting of the dxz and dyz or-
bitals starts to occurs at a temperature above Ts
12. The
angular momentum of dyz orbitals lies along the a-axis
direction, which pins the ordering spin moment along
the a-axis via spin-orbit interaction. This is indeed ob-
served experimentally as shown in Fig. 1(a)3. Although
the electronic structure undergoes an orbital-dependent
reconstruction in the nematic state above Ts, primar-
ily involving the splitting of dxz- and dyz-dominated
bands, the splitting mostly occurs in the temperature
range above TN , and there are only small changes across
TN
12. This is different from the temperature depen-
dent spin dynamic susceptibility across TN [Fig. 4(f)],
but consistent with the notion that ferro-orbital order-
ing involving dxz- and dyz bands plays a minor role
12.
Therefore, it is more likely the observed dynamic sus-
ceptibility anisotropy is a manifestation of dynamic spin
nematicity coupled with orbital ordering. For a typical
6second order AF phase transition, critical spin fluctua-
tions should exhibit a peak at TN
45. From Fig. 4(f),
we see that spin excitations in NaFeAs are dominated
by the longitudinal fluctuations (Ma or χ
′′
a) near TN ,
consistent with diverging longitudinally polarized spin
excitations in a Heisenberg antiferromagnet with Ising
spin anisotropy36. Given the small lattice distortion in
the paramagnetic orthorhombic phase of NaFeAs7, it is
unlikely such an anisotropy term could arise from the
lattice distortion. This is consistent with the fact that
similar in-plane spin excitation anisotropy has also been
observed in the paramagnetic tetragonal phase of super-
conducting BaFe1.904Ni0.096As2
35. Instead, the observed
in-plane spin excitation anisotropy is more likely to arise
from orbital ordering or anisotropic exchange interactions
due to spin nematicity.
In summary, we have discovered that low-energy spin
waves in NaFeAs are entirely c-axis polarized for en-
ergies below ∼10 meV. On warming the system across
TN to the paramagnetic orthorhombic state, a clear in-
plane anisotropy develops in the low-energy spin excita-
tions spectra, resulting Ma ≥ Mc > Mb. Finally, spin
excitations become essentially isotropic in the paramag-
netic tetragonal phase above Ts. These results indicate
that the spin excitation anisotropy in superconducting
iron pnictides originates from similar anisotropy already
present in their parent compounds, and suggest the pres-
ence of a spin nematic phase in the paramagnetic or-
thorhombic state of NaFeAs.
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